The cystic fibrosis transmembrane conductance regulator (CFTR) exhibits two conductance states, 9 picosiemens (pS) and 3 pS. To investigate the origin of these two distinct conductance states, we measured the single-channel activity of three truncated forms of CFTR. These include: TNR, which contains the first transmembrane domain, the first nucleotide binding domain, and the R domain; RT2N2, which contains the R domain, the second transmembrane domain, and the second nucleotide-binding domain; and T2N2, which contains only the second transmembrane domain and the second nucleotide-binding domain. The results show that TNR exhibits only the large conductance of 9.2 pS, whereas RT2N2 and T2N2 exhibit only the small conductance (3.8 -4.0 pS). Co-expression of TNR with T2N2 resulted in a mixed pattern of two conductance states, which is similar to that observed in wild-type CFTR. In further studies, a "dual-R mutant," R334W and R347P in the transmembrane segment 6 of the first half of CFTR, severely impaired the large conductance channel without affecting the small conductance channel. The ion selectivity and gating behavior of the two conductance channels are different regardless of whether they are measured in wild-type CFTR or in truncated CFTRs. The ion selectivity of the large conductance channel is Br ؊ > Cl ؊ > I ؊ , whereas the ion selectivity of the small conductance channel is Br
. The open probability (P o ) of the large conductance is about 4-fold higher than that of the small conductance. Transition from closed to open states of the small conductance is not dependent upon the open or closed states of the large conductance. The independent behaviors of the two conductances in CFTR strongly suggest that CFTR may have two distinct pores. Thus, like ClC0, CFTR is likely to be a double-barreled ion channel, with the first half of CFTR forming the large conductance and the second half forming the small conductance.
Quinton suggested in 1983 (1) that Cl
Ϫ transport is defective in cystic fibrosis and 6 years later, cloning of the cystic fibrosis gene (2) and subsequent studies showed that CFTR 1 is indeed a chloride channel (3) (4) (5) . CFTR contains an anion selective pore with a linear I/V relationship (6, 7) . In excised inside-out patches, wild-type CFTR exhibits two conductances, a main conductance of between 9 and 11 pS and a smaller conductance of approximately 4.0 pS. The selectivity of the main conductance is Br Ϫ Ͼ Cl Ϫ Ͼ I Ϫ Ͼ F Ϫ . Many investigators have used mutagenesis to create CFTR cDNAs containing both naturally occurring and artificial mutations and truncated forms to CFTR to study the properties of the channel pore region. These studies as well as those using cysteine-scanning mutagenesis have pinpointed amino acid residues in the transmembrane segment 6 of TMD1 as critical to forming the main conductive pore of CFTR (3, 4, 8) . We showed previously that TNR CFTR (comprising the first transmembrane domain, the first nucleotide binding domain, and the R domain) can form a functional chloride channel with characteristics approaching that of main conductive pore of wild-type CFTR (9, 10) .
The function of the second half of CFTR is less well understood. McCarty et al. (11, 12) have shown that a diphenylamine-2-carboxylate binding site lies on transmembrane segments 6 and 12, suggesting that regions of the second half of CFTR may line the channel pore. We have shown that RT2N2 CFTR (which comprises the R domain, the second transmembrane domain, and the second nucleotide domain) exhibits only a smaller nonselective conductance state of 4.0 pS. T2N2 CFTR (which comprises the second transmembrane domain and the second nucleotide domain) also exhibits a similar nonselective small conductance (13) . The purpose of this study is to determine the domains of CFTR responsible for generating the two conductances of CFTR.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis-The mutants TNR and dual-R CFTR were constructed as described previously (9, 14) . RT2N2 CFTR and T2N2 CFTR were engineered as described previously (13) .
Shuttling of DNA Fragments into pRSVCFTR for Transfection into Mammalian Cells-The cDNA fragments encoding the two second-half constructs were excised from their PBQ vector backbones using the restriction enzymes NotI and SalI. These were then subcloned into a pRSVCFTR vector that had been cut with the same two enzymes to excise out wild-type CFTR, followed by ligation using the Rapid DNA ligation kit (Life Technologies, Inc.) (13) .
Expression of CFTR in HEK 293 Cells-The human embryonic kidney (HEK 293) cells were used for expression of CFTR proteins. The different CFTR cDNAs were introduced into HEK 293 cells using the LipofecAMINE reagent. Cells were routinely studied 36 -72 h after transfection (13) .
Patch Clamp Methods and Data Analysis-Methods used for excised, inside-out patch clamp recordings were described previously (13) . The membrane potential was clamped at Ϫ75 to Ϫ100 mV, unless otherwise indicated. For excised, inside-out patch clamp experiments, bath solution containing (mM): NMDG-Cl 150, MgCl 2 
CFTR Cl
Ϫ channel currents were initially recorded on digital audiotape using a digital tape recorder at a bandwidth of 5 kHz. In playback mode, records were filtered at a 50 -100-Hz corner frequency with a variable eight-pole Bessel filter (902LPF, Frequency Devices, Haverhill, MA) and acquired using a Digidata 1200 interface (Axon Instruments, Inc.) and digitized at 2 kHz, open and closed events with duration less than 2-4 ms would not be detected (15) . Single-channel current amplitudes were determined from the fit of Gaussian distributions to all-points current amplitude histogram. A prompt was positioned by eye at each current level representing the closed state, the small conductance state, and the large conductance state. Single-channel open and closed time histograms were plotted with logarithmic x axes with 6 bins/decade, and the maximum likelihood method was used to fit a one or more component exponential to the data. All experiments were done at room temperature (22-25°C). To assess bromide selectivity, patch pipettes were moved to a small home-made chamber where a complete bath solution change could be accomplished within 2-5 s. In halide selectivity experiments, bath NMDG-Cl was replaced by equimolar NMDG-Br or NMDG-I. In those experiments in which the bathing solution was changed, the ground electrode was connected to the bath solution via an agar salt bridge to minimize electrode junction potentials. Permeability ratios were calculated using the equation P x /P cl ϭ exp(ϪE rev F/RT), where E rev is the reversal potential and other terms have their usual meanings. We analyzed data only from patches that contained only a single active channel. We determined that a patch contained only a single channel if the simultaneous opening of two channel was not observed during the course of experiment, and an experiment typically lasted 15-45 min.
Results are expressed as mean Ϯ S.E. of n observations. Statistical significance was assessed using a paired or unpaired Student's t test as appropriate. Differences were considered statistically significant when p Ͻ 0.05. All tests were performed using Origin (version 5.0). Fig. 1 (wt-CFTR) shows a representative single-channel recording of wild-type CFTR measured in an excised inside-out patch in the presence of 1 mM ATP and 75 nM PKA. Careful examination of the tracing shows that, when CFTR conducts Cl Ϫ , there are two amplitudes of openings: a larger main amplitude and a smaller amplitude. This is clearly evident in the amplitude histogram. The histogram shows three amplitudes corresponding to the larger opening (O1), the smaller opening (O2), and the closed state (C). To ask whether the two open amplitude of CFTR is generated from different parts of CFTR, we have divided CFTR into two parts, TNR CFTR (which comprises the first transmembrane domain, the first nucleotide domain, and the R domain) and RT2N2 CFTR (which comprises the R domain, the second transmembrane domain, and the second nucleotide domain). Although both constructs contain the "R" domain, the two constructs represent the first and second halves of CFTR. Examining the representative recordings and corresponding amplitude histograms in Fig. 1 measured under the same conditions used to analyze wild-type CFTR, shows that the first half construct, TNR, and second half construct T2N2 CFTR generate only one amplitude of opening. Important, however, is that TNR generates an amplitude corresponding to the larger amplitude, whereas T2N2 CFTR generates an amplitude corresponding to the smaller amplitude of opening of wild-type CFTR. Co-expression of TNR CFTR and T2N2 CFTR results in the restoration of a wild-type pattern of single-channel activity, with the two amplitudes of opening. Table I summarizes the single-channel characteristics of these mutant forms of CFTR. The conductance of the large opening of CFTR is not significantly different among all of the mutants that contain TMD1. Likewise, the conductance of the smaller opening is also similar among all of the mutants containing TMD2. The open probability of the large conductance state is also constant among all of the constructs containing TMD1. This probably reflects the presence of an intact R domain in each. Throughout all of the mutants containing TMD2, open probability of the smaller conductance state is consistently 3-4 times less than that of the larger conductance. Although part of the diminished probability of the smaller conductance state may be the result of masking of some of the openings of the small conductance by the larger conductance events, the significant difference in open probability between the large and small conductances is evidence that the two states are independent.
RESULTS

Single-channel Current Characteristics of CFTR-
We also tested the Cl Ϫ conduction mutations, R334W and R347P. Each of these residues was shown to be important in the Cl Ϫ conductance of the 9-pS pore of CFTR (16, 17) . In a previous report (18) , we tested the hypothesis that insertion of arginine point mutations together could severely affect the Cl Ϫ conductance within CFTR. As expected the "dual-arginine" mutants, R334W/R347P, in full-length CFTR severely reduced whole cell Cl Ϫ currents in airways cells transiently transfected with this mutant. Single-channel studies (Fig. 2, Table I ) con- duced for this study show that introduction of two mutations in critical residues in transmembrane segment 6 that are implicated in forming the pore eliminates larger amplitude events but retains the smaller amplitude openings consistent with those generated by the second half of CFTR.
The Selectivity of Large and Small Conductance State of CFTR-To study further the properties of CFTR, we measured the anion selectivity of the two conductive states. The singlechannel recording shown in the upper panel of Fig. 3 was measured in the presence of Cl Ϫ , 1 mM ATP, and 75 nM PKA. Again, wild type clearly displays two conductance states. The current amplitude of large conductance state is 0.56 Ϯ 0.04 pA, and small conductance state is 0.25 Ϯ 0.06 pA at V m ϭ Ϫ60 mV. The single-channel recording depicted in the bottom panel of Fig. 2 shows that, after replacing the bath solution chloride by the same concentration of bromide, the current amplitude of large conductance state significantly increased to 0.85 Ϯ 0.08 pA, but the small conductance state is not changed. The same result could be repeated (n ϭ 4).
Gating of the Large and Small Conductances of CFTR-In order to
show that the independence of gating of the large and small conductance pores, we measured P o of both conductances at a relatively low concentration of ATP (Fig. 4) . The tracing shows the transition from closed to open and from open to closed states of the small conductance channel are independent of the larger state. In the presence of 0.5 mM ATP, the P o of the large conductance state is 0.2 Ϯ 0.03 (n ϭ 4), and that of the small conductance state is 0.08 Ϯ 0.01 (n ϭ 4). Raising the ATP concentration to 1 mM (see Fig. 1, upper tracing) increases the P o of the large conductance state by about 2.2-fold to 0.45 Ϯ 0.04 (n ϭ 4). In contrast, the P o of the small conductance state only increases about 1.2 times to 0.10 Ϯ 0.01 (n ϭ 4). This indicates that the two conductance states gate independently of each other. Fig. 5A shows that the pattern of gating of wild-type CFTR is characterized by bursts of activity interrupted by brief flickery closures. The bursts of activity are separated by longer closures between bursts. Vanadate, which is a P i analogue, in the presence of ATP, increased the duration of the long bursts. These data are consistent with that of other laboratories (10), which have proposed that hydrolysis of ATP by NBD2 leads to channel closing. The increase of burst duration observed with vanadate is thought to occur by preventing NBD2 from inducing channel closing events (18, 19) .
To determine whether the gating of the smaller conductance channel is also affected by ATP, we applied vanadate to the second half construct, RT2N2 CFTR. Fig. 5B shows that burst duration of the small amplitude channel also increases in the presence of ATP and PKA after addition of 1 mM vanadate. After addition of 1 mM VO 4 in the presence of 1 mM ATP and 75 nM PKA, the P o of the large conductance of CFTR increases about 2.1-fold from 0.46 Ϯ 0.01 to 0.96 Ϯ 0.01 (n ϭ 3) and P o of RT2N2 increases about 2.9-fold from 0.18 Ϯ 0.01 to 0.53 Ϯ 0.01 (n ϭ 3). This suggests that vanadate via the action of NBD2 can control the interburst duration of both the larger and smaller amplitude channels of CFTR.
Our data immediately raise the question whether the small conductance state is not a part of CFTR but a separate channel regulated by CFTR. We argue that the subconductance state is part of CFTR for three reasons. The data in Fig. 4 show that, although the gating is independent, the open probability of the subconductance state is regulated by ATP and responds to increases in ATP by increasing open probability. The data in Fig. 5 show that both conductance states respond to vanadate. More importantly, the number of subconductance states corresponds to the number of CFTR channels in a patch. As shown in Fig. 1 , in recordings with only one CFTR, there is only one large and one subconductance state. In patches with multiple channels, the number of smaller conductances corresponds to the number of channels. This is clearly shown in Fig. 4B . Shown here is a patch with four large conductance states. Note that in this patch there are four large and four small conductance states. Finally, no small channels sensitive to ATP and PKA are present in nontransfected cells (Fig. 4) .
DISCUSSION
Like many other channels, the CFTR Cl Ϫ channel exhibits a distinct subconductance state, which has been observed in both patch clamp (12, 20) and planar lipid bilayer studies (21) (22) (23) . The mechanism underlying the multiple conductance states of CFTR channel is poorly understood. The significance of this report is that we show that CFTR has two opening events, a main opening corresponding to a conductance of 9 pS and a smaller opening corresponding to a conductance of 3 pS. The open probability of the two conductances is not the same. Transitions from closed to open states of the smaller conductance do not depend upon the open or closed state of the larger conductance. Each of the conductances has a different selectivity. All of these characteristics suggest that the two conductances as functional units behave independently. Our data also show that the first half of CFTR contributes to the larger conductance, whereas the smaller conductance depends upon the presence of NBD2, indicating that the two conductances are formed by separate domains of CFTR.
McDough observed (12) that wild-type CFTR and T1134F mutant CFTR occasionally showed a long-lived subconductance state with amplitude ϳ60% of the full conductance in Xenopus oocytes. Lansdell observed (20) that murine CFTR commonly opens to a very small subconductance state. The single-channel conductance of the subconductance state (O1) of murine CFTR is just 10% that of the full open state (O2). Interestingly, open probability, P o , of the subconductance is approximately 7 times greater than that of the larger conductance. Clearly the major opening event in murine CFTR is at the low or subconductance state. This is clearly opposite of what is found in human CFTR where the open probability of the large conductance is about 3 times greater than the smaller conductance. Lansdell and collaborators (20) have shown that murine and human CFTR are regulated quite differently. For example, neither PKC protein phosphatase inhibitors increase open probability in murine CFTR to levels comparable to human CFTR. The authors interpret their data by suggesting that differences in regulation between human and murine CFTR is caused by differences in the regulation of the subconductance state of murine CFTR. This is further evidence that the main and subconductances of CFTR are separate.
Ma and collaborator (22, 23) observed three independent open conductance states (high, medium, and low) measured in stable single-channel recordings when CFTR is studied in planar bilayers. The transitions between these conductances are affected by the presence or absence of Mg 2ϩ in the extracellular solution, with millimolar concentrations of Mg 2ϩ stabilizing the high conductance state. They suggest two possibilities to explain their data. One possibility is that a single CFTR molecule can exist in multiple configurations generating different conductance states. Alternately, CFTR channels may comprise multimers of the 170-kDa CFTR protein. It would follow that different conductance states would arise from different aggregations of CFTR protein.
It has been suggested that ClC0, the chloride channel from the Torpedo electric organ, functions as a dimer with two conductive pores (24, 25) . At the single-channel level, ClC0 has a dual gating behavior. On one level, the two pores of ClC0 gate individually via a fast voltage-and anion-dependent gating mechanism. The gating pattern is consistent with the hypothesis that permeation and fast gating of individual pores of ClC0 are fully independent of the neighboring pore. On another level, a slower common gating mechanism operates on both pores simultaneously. A dual gating mechanism is also evident in CFTR. Both the small and large conductances of CFTR are activated by PKA and require ATP for activation to occur.
Vanadate prolongs the open state of both large and small conductances indicating a common requirement for ATP in the gating mechanism. Once activated, however, the large and small conductances of CFTR gate independently with much different open probabilities. The question arises: is CFTR a double-barreled ion channel, or is there only one pore with at least two subconductances? Taken together, our data support the notion that CFTR, like ClC0, has two pores, one contributed by the first half and another by the second half.
